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Retinoid-related orphan receptors ROR␣, ␤, and ␥ (NR1F1-3) constitute a subfamily of nuclear receptors that regulate gene transcription by binding as a monomer to ROR-response elements (RORE) in the regulatory region of target genes (15, 20, 35) . Recent studies have demonstrated that RORs function as ligand-dependent transcription factors (20, 23, 30, 48, 55) . RORs have been implicated in the regulation of a wide variety of physiological processes, including cerebellar development, metabolism, circadian rhythm, cellular immunity, bone formation, hypoxia signaling, and inflammatory responses (4, 9, 11, 12, 16, 19, 20, 24, 29, 31-33, 42, 43, 47, 49, 54, 58, 60) .
In the present study, we used the staggerer mice (ROR␣ sg/sg ), a natural mutant strain containing a deletion within the ROR␣ gene, to obtain further insights into the physiological roles of ROR␣ in energy homeostasis. We show that ROR␣ sg/sg mice, but not ROR␥ Ϫ/Ϫ mice, were less susceptible to age-and high-fat diet (HFD)-induced obesity and hepatic steatosis. Moreover, ROR␣ sg/sg mice were protected against insulinresistance and adipose-associated inflammation. Gene expression profiling by microarray analysis revealed differential gene regulation in liver and white adipose tissue (WAT) between wild-type (WT) and ROR␣ sg/sg mice maintained on an HFD. These include genes involved in hepatic triglyceride accumulation and inflammatory genes. Our study further supports evidence that ROR␣ plays a critical role in the regulation of lipid/energy homeostasis and metabolic syndrome. As liganddependent transcription factor, ROR␣ may provide a novel therapeutic target for the management of obesity and associated diseases, such as diabetes and NAFLD.
MATERIALS AND METHODS
Experimental animals. Heterozygous C57BL/6 staggerer (ROR␣ ϩ/sg ) mice were purchased from Jackson Laboratories (Bar Harbor, ME). ROR␥ Ϫ/Ϫ and double knockout ROR␣ sg/sg /ROR␥ Ϫ/Ϫ (DKO) were described previously (24) . Littermate WT mice were used as controls. Mice were supplied ad libitum with mash NIH-A31 formula (1:1 ratio with water). To study diet-induced obesity, 8 to 12 wk old male mice were fed a mash HFD (D12492; Research Diets, New Brunswick, NJ) for 6 wk, unless indicated otherwise. Adiposity was determined with an Piximus densitometer (Lunar, Madison, WI). All animal protocols followed the guidelines outlined by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the National Institute of Environmental Health Sciences (NIEHS).
Cell culture and stable cell lines. Murine hepatoma Hepa1-6 cells were cultured in DMEM with 10% FBS. Hepa1-6(E) and Hepa1-6(ROR␣) cells, stably expressing Flag-ROR␣, were established by infecting parental cells with pLXIN(Empty) (Clontech, Palo Alto, CA) and pLXIN-3xFlag-ROR␣ retrovirus, followed by G418 selection. The expression and nuclear localization of ROR␣ protein were confirmed by Western blot analysis and immunofluorescent staining, respectively. Samples of 5 separate clones were examined by quantitative real-time PCR (QRT-PCR) and chromatin immunoprecipitation (ChIP) analysis.
RNA isolation. RNA from mouse tissues was isolated with RNeasy mini or midi kit (Qiagen, Valencia, CA) as described previously (24) . The quality and integrity of the RNA was assessed by a Bioanalyzer (Agilent, Santa Clara, CA) and agarose gel electrophoresis.
Histology and immunostaining. Adipose and liver specimens were fixed in 4% paraformaldehyde and paraffin-embedded, and tissue sections (5 m) were stained with hematoxylin-eosin. To detect macrophages, sections of WAT were stained with antiactive caspase 3 (Promega, Madison, WI) or F4/80 antibody (Santa Cruz Biotechology, Santa Cruz, CA) and an avidin-biotin-peroxidase detection system. F4/80-positive cells in at least six randomly selected fields in sections from five different mice were counted.
Microarray analysis. Microarray analysis was performed with WAT and liver as described detail in supplementary information. 1 The data discussed in this publication have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus at http://www.ncbi.nlm.nih.gov/geo #GSE23736.
QRT-PCR. The RNA was reversed-transcribed using a high capacity cDNA archive kit according to the manufacturer's instructions (Applied Biosystems, Foster City, CA). QRT-PCR reactions were performed as described previously (24) with SYBRG and TaqMan systems. Primers are listed in Supplemental Table S1A . All results were normalized relatively to the 18S or GAPDH transcripts.
ChIP assay. ChIP analysis was performed using a ChIP assay kit (Millipore, Billerica, MA) according to the manufacturer's protocol with minor modifications. Liver tissues from WT and ROR␣ sg/sg mice were homogenized using a polytron PT 3000 (Brinkmann Instruments). After cross-linking with 4% formaldehyde at room temperature for 20 min, cross-linked chromatin was sheered by sonication and then incubated with anti-ROR␣ antibody (sc-6062; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight. Antibody-chromatin complexes were collected with protein G agarose beads for 2 h. After sequential washes, complexes were eluted and reversed cross-linked by incubation with NaCl at 65°C overnight. After RNase A and proteinase K digestions, the ChIPed-DNA was purified. The fold amount of the ChIPed-DNA relative to each input DNA was determined by quantitative PCR (QPCR). All the QPCR reactions were carried out in triplicate. For ChIP assay using Hepa1-6 cells, cells were cross-linked with 4% formaldehyde for 10 min and cross-linked chromatin sheered and immunoprecipitated as described above. Immunoprecipitation was performed by anti-Flag M2 affinity gel (Sigma-Aldrich). Primer sequences for ChIP-QPCR are listed in Supplemental Table S1B .
Reporter assays. To analyze the activity of the mouse Adfp promoter, the region between Ϫ2043 to ϩ64, which contains two putative ROREs, 5=-TTTGTAGGTGA (RORE1) and 5=-GAAA-GAGGTCA (RORE2), was amplified and cloned into the luciferase reporter plasmid pGL4.10 (Promega) and referred to as pGL4.10-Adfp(2). To determine the role of these ROREs, the "GG" in each RORE was mutated to "AA" using QuickChange site-directed mutagenesis kit (Stratagene). The expression vectors 3xFlag-CMV10-ROR␣4 and 3xFlag-CMV10-Rev-Erb␣ were described previously (52) . Reporter assays were performed in hepatoma Huh-7 cells as reported previously (25, 52) .
Analysis of blood and liver lipids. Blood levels of glucose, cholesterol, triglycerides, and high-density lipoprotein (HDL) were determined using the Cobas Mira Classic Chemistry System (Roche Diagnostics Systems, Montclair, NJ). The chemical reagents for all assays were purchased from Equal Diagnostics (Exton, PA). Serum insulin levels were analyzed with an insulin radioimmunoassay kit from Millipore (St. Charles, MO). To measure liver lipid content, tissues were homogenized and lipids extracted as previously described (61) . Lipids were then dissolved in a mixture of 60 l of tert-butanol and 40 l of Triton X-100/methanol (2:1) mix. Triglyceride and cholesterol levels were measured with Stanbio assay kits (Stanbio Laboratory, Boerne, TX) (54) . Serum leptin levels were analyzed by Elisa using a kit from RayBiotech (Norcross, GA). Steatocrit was analyzed using the perchloric acid method as described (51) .
LabMaster metabolic analysis. Metabolic parameters including, oxygen consumption (VO2), CO2 production (VCO2), and respiratory exchange ratio were analyzed with a LabMaster system (TSE Systems, Chesterfield, MO) using WT and ROR␣ sg/sg mice fed either with a normal diet or HFD for 6 wk. The average values during light period and dark period were calculated. Student's t-test was used to calculate the P value.
Glucose tolerance test and insulin tolerance test. After an overnight fast, WT and ROR␣ sg/sg mice were injected intraperitoneally with glucose (2 g/kg) or insulin (0.75 U/kg) (Eli Lilly, Indianapolis, IN) to examine glucose tolerance test (GTT) and insulin tolerance test (ITT), respectively. Levels of glucose were analyzed every 20 min for up to 2 h with glucose test strips (Nova Biomedical, Waltham, MA).
Isolation of the stromal-vascular fraction and flow cytometry analysis. To isolate the stromal-vascular fraction (SVF) cells, epididymal white adipose tissue (eWAT) was isolated from WT and ROR␣ sg/sg mice fed with an HFD for 18 wk. After chopping and collagenase treatment for 2 h at 37°C, cell pellets were centrifuged and resuspended in DMEM containing 10% FBS. The cell suspension was filtrated through 70-m mesh. After centrifugation, red blood cells were removed by treatment with 1ϫ RBC lysis buffer (eBioscience, San Diego, CA). Remaining cells were centrifuged and washed two times in DMEM containing 10% FBS. Fluorescence-conjugated monoclonal antibodies for F4/80 (Invitrogen, Camarillo, CA) and CD11b (BD Biosciences) were used to detect macrophage population. CD3, CD4, and CD8 (BD Biosciences) were used for the analysis of T lymphocytes. Isotype control antibodies were used for negative control, and dead cells were excluded by 7-amino-actinomycin D or propidium iodine staining. Stained cells were analyzed with the BD LSR II Flow cytometer (Becton Dickinson) using FACSDiVa software.
RESULTS

ROR␣
sg/sg mice were resistant to age-induced obesity. Previous studies indicated a role for RORs in the regulation of several metabolic pathways and energy homeostasis (1, 20, 24, 31) . To study the metabolic functions of ROR␣ and ROR␥ further, we examined whether loss of ROR function had any effect on age-induced obesity. Histological analysis showed that WAT and brown adipose tissues (BAT) of 1 yr old male WT mice became hypertrophic in agreement with a recent report ( Fig. 1A) (13) . In sharp contrast, 1 yr old male ROR␣ sg/sg mice were greatly resistant to the development of age-induced WAT and BAT hypertrophy (Fig. 1A) . Moreover, analysis of the adiposity, measured by Piximus densitometry (dual energy X-ray absorptiometry), showed that ROR␣ mice exhibited a significantly lower total body fat index compared with WT littermates (Fig. 1B) . Aged ROR␥ Ϫ/Ϫ mice developed adipose hypertrophy to a similar extent as WT littermates, while DKO appeared as resistant to age-induced obesity as ROR␣ sg/sg mice (Fig. 1A) . The average diameter of adipocytes in WT and ROR␥ Ϫ/Ϫ mice was more than twice that in ROR␣ sg/sg and DKO mice (105 m in WT vs. 40 m in ROR␣ sg/sg ) ( Fig. 1C) , suggesting that the reduced adiposity observed in ROR␣ sg/sg mice was largely due to reduced triglyceride accumulation. Together, these observations suggested that loss of ROR␣, but not ROR␥, had a major effect on lipid accumulation in adipose tissues.
ROR␣ sg/sg mice were resistant to HFD-induced obesity. To determine whether ROR␣ sg/sg mice were also protected against diet-induced obesity, 8 to 10 wk old ROR␣ sg/sg and littermate WT control mice were fed with an HFD for 6 wk, and their total body weight was monitored (Supplemental Fig. S1 ). ROR␣ sg/sg mice gained relatively less weight than their WT littermates ( Fig. 2A) . By the end of the feeding period, the average body weight of WT mice increased by 35%, while ROR␣ sg/sg mice gained only 16% of their body weight. Analysis of the adiposity by Piximus densitometry showed that ROR␣ sg/sg (HFD) mice exhibited a significantly lower total body fat index than WT(HFD) littermates (Fig. 2B) . Moreover, the relative weight of epididymal and abdominal WAT in ROR␣ sg/sg (HFD) mice was 57 and 65% of that of WT(HFD) mice, respectively (Fig. 2C) (HFD) mice than in WT(HFD) mice (Fig. 2I) . The serum concentrations of triglycerides were not significantly changed, but total cholesterol and HDL and low-density lipoprotein levels were significantly reduced in ROR␣ sg/sg mice compared with WT mice (Fig. 2I) . Together, these observations indicate that ROR␣ sg/sg (HFD) mice were significantly protected against HFD-induced obesity and hepatic steatosis. These results are consistent with a role for ROR␣ in the regulation of lipid metabolism in adipose tissues and liver (20, 24, 31) . Because no difference was observed in the acid steatocrit between WT(HFD) and ROR␣ sg/sg (HFD) mice the protection to metabolic syndrome in ROR␣ sg/sg (HFD) mice appeared not to be related to increased lipid excretion (Fig. 2D) .
QRT-PCR analysis showed that the ROR␣4 is the predominant ROR␣ isoform expressed in WAT, BAT, and liver (Supplemental Fig. S2A ), indicating that both liver and adipose tissues are targets for gene regulation by ROR␣. ROR␣ mRNA expression in WT mice did not significantly change in adipose tissues or liver after fasting but increased by 70% in liver of HFD-fed mice (Supplemental Fig. S2B ). 
Comparison of gene expression profiles.
To obtain insights into the mechanism by which loss of ROR␣ prevented HFDinduced obesity and hepatic steatosis, we analyzed the gene expression profiles in liver from WT and ROR␣ sg/sg mice by microarray analysis. This analysis revealed a large number of differences in hepatic gene expression (http://www.ncbi.nlm.nih. gov/geo; accession number GSE23736) between ROR␣ sg/sg and WT mice (Supplemental Table S2 ). In liver, loss of ROR␣ affected the expression of many genes that regulate lipid homeostasis. The cell death-inducing DFFA-like effector c (Cidec), also termed fat-specific protein (FSP27), and cell death-inducing DFFA-like effector a (Cidea), two proteins that play a critical role in triglyceride accumulation (26, 39, 62) , and monoacylglycerol O-acyltransferase 1 (Mogat1), which is part of an alternative pathway of triglyceride synthesis, were among the genes most strongly suppressed in ROR␣ sg/sg liver. The expression of several other genes implicated in fatty acid homeostasis was also repressed in ROR␣ sg/sg liver. These included acyl-coenzyme A (CoA) thioesterases, Acot3 and Acot4, which hydrolyze acyl-CoAs to free fatty acids and CoASH, fatty acid binding protein 5 (Fabp5), adipose differentiation-related protein (Adfp, also termed perilipin 2), lipin 2 (Lpin2), angiopoietin-like 4 (Angptl4), and fibroblast growth factor 21 (Fgf21).
Among other changes, the expression of a several sulfotransferases, cytochrome P450 enzymes, and ATP-binding cassette proteins was significantly reduced in liver of ROR␣ sg/sg (HFD) mice compared with WT counterparts. Sult1e1, which was previously found to be greatly upregulated in ROR␣ sg/sg mice fed with a normal diet (24) , was the most dramatically induced gene in the liver of ROR␣ sg/sg (HFD) mice. These data are consistent with previous studies showing that ROR␣ is involved in the regulation of phase I and II metabolic genes (24, 31) . Several genes involved in circadian rhythm, including the nuclear receptor Rev-Erb␣, and the clock genes Per3 and Cry2, were downregulated in ROR␣ sg/sg (HFD) liver, consistent with the reported regulatory function of ROR␣ in circadian rhythm. The expression of the early growth response genes, Egr1 and Egr2, was decreased more than fourfold in ROR␣ sg/sg (HFD) mice, while PPAR␣ and PXR expression was decreased by 50% (Supplemental Table S2 ). The suppression of hepatic expression of several differentially expressed genes, including Cidea, Cidec, Mogat1, Adfp, Lpin2, ApoA4, and complement factor D (Cfd; adipsin), and the induction of trefoil factor 3 (Tff3) in ROR␣ sg/sg were confirmed by QRT-PCR (Fig. 3) . The expression of Srebf, ERR␣, LXR␣, and Rip140, known regulators of energy and lipid homeostasis, was not significantly altered in ROR␣ sg/sg liver. To further evaluate the expression of ROR␣-responsive genes in a gain-of-function model, we compared the expression of several genes in mouse hepatoma cells Hepa1-6(E) and Hepa1-6(ROR␣), stably expressing empty vector and ROR␣, respectively (Fig. 4A) . The expression of Sult1b1, ApoA4, Adfp, and Cidea mRNA was significantly induced, while that of Tff3 was repressed in Hepa1-6(ROR␣) cells (Fig. 4B ) consistent with the hepatic gene expression pattern in ROR␣ sg/sg mice (Fig. 3) . To determine whether any of the genes were direct transcriptional targets of ROR␣, the se- (Fig. 4C ). ChIP analysis with Hepa1-6(E) and Hepa1-6(ROR␣) cells indicated that ROR␣ was recruited to the ROREs in the Adfp and Sult1b1 gene promoters, suggesting that these two genes are direct targets of ROR␣ (Fig. 4D) . The latter was supported by ChIP analysis using liver from WT and ROR␣ sg/sg mice (Fig. 4E) . The recruitment of ROR␣ to the Adfp and Sult1b1 gene promoters in the liver of WT mice was largely abolished in liver of ROR␣ sg/sg mice (Fig. 4E) . The direct regulation of Adfp by ROR␣ was supported by reporter gene analysis. Figure  4G shows that ROR␣ was able to enhance the activation of the Luc reporter driven by the 2 kb proximal Adfp promoter, which contains two putative ROREs (Fig. 4, C and G) . Mutation of RORE2, but not RORE1, greatly abolished the increased activation by ROR␣ (Fig. 4G) , suggesting that the activation by ROR␣ was largely mediated through RORE2. Although ApoA4 was induced in Hepa1-6(ROR␣) cells, ROR␣ was not associated with the proximal promoter region suggesting that this gene is regulated by either an RORE further up-/downstream or by an indirect mechanism.
Several studies have shown a relationship between the regulation of clock genes, circadian rhythm, and metabolism (2). However, no change in Npas2, Bmal1, or Clock mRNA expression was found in the liver and WAT between WT and ROR␣ sg/sg mice (52, not shown). We therefore examined the circadian expression of the ROR␣ target gene Adfp. Figure 4F shows that Adfp exhibited an oscillatory pattern of expression during circadian time. Loss of ROR␣ reduced the overall expression of Adfp but did not affect the phase of the oscillation, while loss of ROR␥ had no effect (Fig. 4F and Supplemental Fig. S3) . Interestingly, the lowest expression of Adfp occurred between Zeitgeber time (ZT) 8 and 12, a time at which Rev-ERb␣ is optimally expressed. Rev-Erb␣ functions as repressor and can compete with RORs for binding to ROREs. Figure 4H shows that Rev-Erb␣ inhibited the activation of the Adfp promoter by ROR␣ consistent with the hypothesis that it negatively regulates Adfp by competing for the same RORE. Moreover, it suggests that the downregulation of Adfp at ZT10 may be at least in part mediated by Rev-Erb␣.
Energy expenditure was increased in ROR␣ sg/sg mice. Although the relative food consumption was higher in ROR␣ sg/sg mice than WT mice, particularly during the light phase, ROR␣ sg/sg mice were leaner than WT mice (Supplemental Fig.  S4A ). Consistent with previous observations (31), the increased food intake may relate to the reduced leptin expression in WAT and the decreased level of circulating leptin in ROR␣ sg/sg mice (Supplemental Fig. S4 , B and C), which may enhance the appetite in these mice. To determine whether ROR␣ sg/sg mice exhibited increased energy expenditure, the VO 2 , VCO 2 , VCO 2 /VO 2 , and heat emission were compared between WT(HFD) and ROR␣ sg/sg (HFD) mice over a 2-day period. A debate has been ongoing on what is the best way to normalize for energy expenditure (5, 22, 34) . Therefore, in addition to the unadjusted data (per mouse, Fig. 5E ), we presented our data relative to free fat mass (Fig. 5, A, B, and  D) . As shown in Fig. 5, A and B, ROR␣ sg/sg (HFD) mice exhibited significantly elevated VO 2 and VCO 2 calculated either as ml·h Ϫ1 ·kg Ϫ1 fat free mass or per mouse; however, the difference was most pronounced during the dark phase. VCO 2 / VO 2 was also increased in ROR␣ sg/sg mice vs. control mice particularly during the second part of the light phase (Fig. 5C) . Together, these results suggested that the ROR␣ sg/sg (HFD) mice had a higher rate of energy expenditure than their WT littermates. The higher rate of energy expenditure was partly due to an increase in heat generation (Fig. 5D) . A hypothesis that was supported by the elevated expression of Ucp-1 in BAT, but particularly in the skeletal muscle of ROR␣ sg/sg mice (Fig. 5F ). Ucp-1 diverts energy derived from mitochondrial electron transport chain and generation of ATP into heat production. ROR␣ sg/sg mice (8 -10 wk old) maintained on a normal diet also showed increased VO 2 , VCO 2 , and energy expenditure compared with their WT counterparts (Supplemental Fig. S5 ). However, at this age the percentage total body fat and lean mass were not significantly different between WT and ROR␣ sg/sg mice (Supplemental Fig. S5E ). ROR␣ sg/sg mice were protected against HFD-induced insulin-resistance. Obesity greatly increases the risk of developing insulin resistance and glucose intolerance, key indicators of the development of Type 2 diabetes (18, 44). As indicated by ITT and GTT analyses, WT mice maintained on an HFD for 10 wk developed insulin resistance and glucose intolerance (Fig. 6, A and B) . In sharp contrast, ROR␣ sg/sg mice remained insulin sensitive and glucose tolerant. Moreover, blood insulin levels were significantly lower in ROR␣ sg/sg (HFD) mice compared with WT(HFD) mice (Fig. 6C) . The data suggest that ROR␣ sg/sg (HFD) mice were protected against developing diabetes. No significant difference in ITT and GTT was observed between 8 -10 wk old WT and ROR␣ sg/sg mice fed a normal diet (Supplemental Fig. S6) .
Loss of ROR␣ function reduced WAT-associated inflammation. Inflammation plays a key role in the development of obesityassociated pathologies, including NAFLD and insulin resistance. A strong link has been established between adipose tissue-associated inflammation and metabolic syndrome (18, 38, 44, 53) . Consistent with these concepts, immunohistochem- genes. ROR␣ is associated with RORE-containing regulatory regions of the Adfp and Sult1b1 genes. ChIP analysis was performed with Hepa1-6(E), Hepa1-6(ROR␣), or hepa1-6(ROR␥) using anti-Flag M2 antibody (D) or with liver from WT or ROR␣ sg/sg mice using an ROR␣ antibody as described in MATERIALS AND METHODS (E). F: the expression of Adfp was examined in liver of WT and ROR␣ sg/sg mice during the circadian time. At each time point 4 mice for each group were analyzed. G: ROR␣ increased Adfp proximal promoter activity through RORE2. Hepatoma Huh-7 cells were cotransfected with pCMV␤-Gal, 3xFlag-CMV10-ROR␣4 or empty vector, and pGL4.10-Adfp(2) or the reporter plasmid in which RORE1, RORE2, or both (RORE1/2m) were mutated as indicated. The relative luciferase reporter activity was determined 48 h later. H: Rev-Erb␣ inhibited the enhanced activation of the Adfp promoter by ROR␣. Cells were cotransfected with 3xFlag-CMV10-ROR␣4 and pGL4.10-Adfp(2) and 3xFlag-CMV10-Rev-Erb␣ as indicated and processed as in G. Data present means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. ical staining showed that crown-like structures (CLS), representing F4/80-positive macrophages, were frequently found in WAT from WT(HFD) mice. In contrast, F4/80-positive cells were rarely seen in WAT from ROR␣ sg/sg (HFD) mice (Fig. 7,  A, B, E) . Moreover, active caspase-3 ϩ apoptotic cells were also regularly observed in WAT of WT(HFD) mice, but not in ROR␣ sg/sg (HFD) mice (Fig. 7, C and D) . The decrease in F4/80 ϩ macrophages was supported by flow cytometric analysis of inflammatory cell populations of SVF isolated from eWAT. This analysis showed that the percentage of SVFassociated macrophages (F4/80 ϩ /Cd11b ϩ ) was greatly reduced in ROR␣ sg/sg (HFD) mice (Fig. 7F ). No significant difference was observed in the percentages of CD3 ϩ , CD4 ϩ CD8 Ϫ , and CD4
Ϫ
CD8
ϩ T lymphocytes between ROR␣ sg/sg and WT mice (Fig. 7F) . Together, these observations suggested that loss of ROR␣ greatly diminished the development of obesity-associated inflammation in WAT. The inhibition of WAT-associated inflammation in ROR␣ sg/sg (HFD) mice was supported by the reduced expression of numerous immune and inflammatory response genes, including several chemo/cytokines and their receptors, and Toll-like receptors (Supplemental Table S3 ). The expression of TNF␣, Ccl2, serum amyloid 3 (Saa3), interleukin 1 receptor antagonist (Il1rn), matrix metallopeptidase 12 (Mmp12), secreted phosphoprotein 1 (Ssp1; osteopontin), Cd44, and the macrophage markers, Mac-2, Mrc2, Mpeg1, and F4/80, was significantly reduced in WAT of ROR␣ sg/sg (HFD) mice compared with their WT counterparts (Fig. 7G) . Increased expression of many of these genes, including Il1rn, Ssp1, and Cd44, has been linked to obesity-associated inflammation and insulin resistance (3, 28, 45, 46) .
In addition to inflammatory genes, the expression of a number of metabolic genes was differentially regulated between WAT of WT(HFD) and ROR␣ sg/sg (HFD). Expression of Adfp and Angptl4, which are involved in the regulation of lipid metabolism (6, 27) , was repressed in both WAT and liver of ROR␣ sg/sg (HFD) mice (Supplemental Tables S2 and S3 , Fig.  7H ). Despite the reduced adiposity, the expression of several genes involved in lipogenesis, including acetyl-Coenzyme A carboxylase a and b (Acaca and Acacb), acyl-CoA synthetase medium-chain family member 3 (Acsm3), and Srebf was en- Fig. 6 . ROR␣ sg/sg mice are protected against HFD-induced insulin resistance and glucose intolerance. A, B: glucose tolerance test (WT, n ϭ 6; ROR␣ sg/sg , n ϭ 6) and insulin tolerance test (WT, n ϭ 8; ROR␣ sg/sg , n ϭ 6) were performed in WT(HFD) and ROR␣ sg/sg (HFD) mice. Glucose levels were analyzed every 20 min for up to 2-2.5 h. C: blood insulin levels were analyzed in WT(HFD) and ROR␣ sg/sg (HFD) female mice (WT, n ϭ 5; ROR␣ sg/sg , n ϭ 8). Data represent means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Table S3 ). Interestingly, Srebf has been reported to induce Acaca expression, and, therefore, the increase in Srebf might be causally related to the upregulation of Acaca in ROR␣ sg/sg (HFD) WAT. Among other changes, the expression of a several cytochrome P450 genes and steroid metabolic genes were altered in ROR␣ sg/sg (HFD) WAT (Supplemental Table S3 ) consistent with a role of ROR␣ in the regulation of several metabolic pathways (24, 31) .
DISCUSSION
In this study, we show that loss of ROR␣ protects mice against age-and diet-induced metabolic syndrome, whereas ROR␥ null mice behaved as WT mice. Specifically, ROR␣ sg/sg mice remained lean when maintained on an HFD and showed a markedly reduced susceptibility to the development of hepatic steatosis, adipose tissue-associated inflammation, and insulin resistance. Our study extends previous observations (24, 31) and supports the hypothesis that the nuclear receptor ROR␣ plays a critical role in the control of energy balance and lipid homeostasis.
The liver of aged ROR␣ sg/sg mice and mice fed an HFD contained smaller lipid droplets and significantly lower levels of triglycerides compared with WT mice. The accumulation of hepatic triglycerides is regulated at multiple levels, including uptake, transport, synthesis, storage of lipids, and lipolysis. Our gene-profiling analysis revealed that the expression of a number of lipogenic genes was significantly reduced in the liver of ROR␣ sg/sg mice. These included Cidec and Cidea, which regulate triglyceride storage, the size of lipid droplets, and lipolysis and which have been reported to be highly induced in hepatic steatosis (17, 39, 41) . In addition, the expression of several genes implicated in the main pathway of triglyceride synthesis (37) , including glycerol-3-phosphate acyltransferase (Gpam or Gpat1) and acyl-glycerol-3-phosphate acyltransferase 9 (Agpat9), and Mogat1, which is part of an alternative, less-studied pathway of triglyceride synthesis, was significantly reduced in liver of ROR␣ sg/sg mice. The combined effects on the regulation of multiple genes may have accounted for the reduced lipid accumulation in the liver of ROR␣ sg/sg mice. The reduced expression of several other genes, including Adfp, Angptl4, Fgf21, and Gdf15, may also have contributed to the decreased accumulation of hepatic triglycerides in ROR␣ sg/sg mice. The expression of several of these genes was reported to be induced in obesity and all four proteins have been implicated in the control of lipid and/or glucose homeostasis (7, 8, 10, 59) . Adfp (or perilipin 2) is a major lipid droplet protein present in cells that accumulate triglycerides, and loss of Adfp has been reported to reduce triglycerides levels and to relieve hepatosteatosis in leptin-deficient ob/ob mice (7). Thus, the reduced levels of Adfp expression observed in ROR␣ sg/sg mice might contribute to the protection against hepatic steatosis in these mice.
It is well recognized that obesity is associated with lowgrade systemic inflammation and that inflammation plays a key role in obesity-linked pathologies, such as hepatic steatosis and insulin resistance (18, 44, 53) . The accumulation of various immune cells, including macrophages and T lymphocytes, in adipose tissues and the production of a variety of proinflammatory cyto-and chemokines are critical events in the development of obesity-associated inflammation (14, 38, 57) . Our study supports the growing recognition of a relationship between obesity and adipose tissue-associated inflammation. Our gene expression profiling showed that many proinflammatory and immune-regulatory genes, including those encoding various interleukins, chemokines, chemo/cytokine receptors, TNF-␣, Toll-like receptors, and metalloproteinases, were expressed at significantly lower levels in the WAT of HFD-fed ROR␣ mice. ATF3, a basic leucine zipper-type transcription factor, is one of the transcription factors whose expression was significantly reduced in WAT of ROR␣ sg/sg mice (Supplemental Table S3 ). Although ATF3 expression is greatly increased in obese adipose tissue and correlates with macrophage accumulation, it functions as a negative feedback mechanism to attenuate obese-macrophage activation (50) . Recent studies have shown that WAT contains different macrophage populations. Obesity induces a shift from mannose receptor (Mrc1 or Cd206) positive, Cd11c ϩ macrophages to Mrc1-negative macrophages that express Ccr2, 3, and 5. The expression of both Mrc1 and these chemokine receptors was downregulated in ROR␣ sg/sg WAT, consistent with a reduction in all three macrophage populations.
Although T-lymphocytes have been reported to play a role in recruiting macrophages to WAT (38) , no significant difference was observed in the percentage of CD4 ϩ or CD8 ϩ T lymphocytes in WAT of WT(HFD) and ROR␣ sg/sg (HFD) mice. ROR␣ has been implicated in anti-as well as proinflammatory responses, including the inhibition of NF-B signaling and induction of Th17 differentiation, respectively (9, 60) . The diminished inflammatory response in WAT of ROR␣ sg/sg (HFD) mice is consistent with reports showing reduced inflammatory responses in allergeninduced airway inflammation and inhibition of experimental encephalomyelitis in ROR␣ sg/sg mice (19, 60) . ROR␣ sg/sg mice maintained on an HFD remained insulin sensitive and glucose tolerant, suggesting that these mice were less susceptible to obesity-induced Type 2 diabetes. The expression of a number of genes implicated in the regulation of insulin resistance was found to be downregulated in ROR␣ sg/sg mice. Loss of Adfp has been reported to improve insulin resistance in leptin-deficient ob/ob mice (7). Thus, the reduced expression of Adfp observed in ROR␣ sg/sg mice may have contributed to the protection against insulin resistance. The interleukin-1 receptor antagonist (Il1rn) and Ssp1 were among the genes most dramatically repressed in WAT of ROR␣ sg/sg mice. IL1rn has been reported to be highly upregulated in WAT of obese humans and to regulate insulin sensitivity (21, 45) , while Il1rn-deficient mice exhibited decreased adiposity and increased energy expenditure (46) . Ssp1 expression was found to be elevated in obesity, while neutralization of Ssp1 was shown to inhibit obesity-induced inflammation and insulin resistance (3, 28) . Thus, the downregulation of Adfp, Il1rn, Ssp1, and likely other genes may have collaboratively promoted insulin sensitivity in ROR␣ sg/sg mice through their interrelated effects on inflammation, adipogenesis, and energy expenditure.
Exogenous expression of ROR␣ in mouse hepatoma Hepa1-6 significantly increased the expression of several genes that were found to be repressed in ROR␣ sg/sg liver, including Sult1b1, Adfp, Cidea, and ApoA4. It is likely that certain ROR␣-responsive genes are regulated directly by ROR␣ through its interaction with ROREs in their respective regulatory region, while others are controlled by indirect mechanisms (20) . A recent study identified Fgf21 as a direct target of ROR␣ transcriptional regulation in HepG2 cells (56) . The regulation of Fgf21 by ROR␣ is supported by our microarray analysis showing that expression of Fgf21 is reduced in ROR␣ sg/sg liver. Examination of the sequence of the upstream regulatory region of a number of ROR␣-responsive genes identified putative ROREs in several genes. ChIP analysis indicated that ROR␣ protein was recruited to the ROREcontaining promoter region of Adfp and Sult1b1 in the liver of WT mice, but not in that of ROR␣ sg/sg mice. Moreover, ROR␣ was recruited to the promoter regions of Adfp and Sult1b1 in Hepa1-6(ROR␣) cells. These observations suggested that Adfp and Sult1b1 are direct target genes of ROR␣. Interestingly, both ROR␣ and ROR␥ were recruited to the Sult1b1 promoter, whereas the Adfp promoter was ROR␣-selective. These data are consistent with our previous observations showing redundancy between ROR␣ and ROR␥ in the regulation of certain genes, while other genes are regulated in an ROR isotype-selective manner (24) . The direct regulation of Adfp by ROR␣ was supported by reporter gene analysis. ROR␣ was able to enhance the Adfp promoter activity, while mutation of RORE2 abolished this activation.
Several studies have demonstrated an interrelationship between clock proteins and various metabolic functions (2) . The effect of ROR␣ on clock gene regulation could be a component of the mechanism by which ROR␣ controls metabolism. However, Bmal1, Npas2, and Clock expression were not changed in the liver and WAT of ROR␣ sg/sg mice (52, and not shown). Interestingly, in contrast to ROR␣, Adfp exhibits a strong oscillatory pattern of expression during circadian time with the lowest level of expression at ZT8 -12, a time at which RevErb␣ is most highly expressed. We provide evidence that both Rev-Erb␣ and ROR␣ play a role in the circadian regulation of Adfp likely by competing for the same RORE.
Obesity is a consequence of an imbalance between energy intake and expenditure. The decreased adiposity in ROR␣ sg/sg mice is not due to reduced food intake nor due to an increase in lipid excretion. Indirect calorimetric analysis of 2 mo old WT and ROR␣ sg/sg mice fed either a normal or HFD showed that VO 2 , VCO 2 , and heat generation were significantly enhanced in ROR␣ sg/sg mice on the basis of unadjusted data or those adjusted for free fat mass. The hypothesis of increased energy expenditure was also supported by the upregulation of Ucp-1 in BAT and particularly in the skeletal muscle of ROR␣ sg/sg mice. Thus, the elevated energy expenditure observed in ROR␣ sg/sg mice may at least in part be responsible for the reduced weight gain and resistance to hepatic steatosis and insulin insensitivity.
In summary, our study demonstrates that ROR␣ sg/sg mice are protected from age-and diet-induced hepatic steatosis, obesity-associated inflammation, and insulin resistance. Loss of ROR␣ inhibited the hepatic expression of several genes implicated in lipid accumulation and storage as well as the expression of several inflammatory genes in WAT. We provide evidence indicating that some of these genes are regulated directly by ROR␣. Recent studies have suggested that the activity of ROR␣ can be regulated by natural and synthetic compounds (30, 55) , which raises hopes that ROR␣ may provide a novel therapeutic target in the management and prevention of obesity and related pathologies, such as diabetes.
